Phase composition estimates by X-ray powder diffraction and Rietveld analysis are becoming more widely used in the cement industry. The ASTM C01.23 Compositional Analysis subcommittee developed test method C 1365 Standard Test for 'Determination of the Proportion of Phases in Portland Cement and Portland-Cement Clinker Using X-Ray Powder Diffraction Analysis.' A round-robin analysis involving 11 laboratories was initiated to assess the precision and bias of this approach and to develop guidelines for Rietveld analysis of hydraulic cements. Four cements were prepared using NIST SRM clinkers spiked with known amounts of one or more of the following minerals: gypsum, bassanite, anhydrite, and calcite. Specimens were provided with instructions that laboratories analyze the whole cement, collect data in triplicate, and repack the specimen for each run. Results of the round robin were used to estimate inter-and intra-laboratory precision and bias of phase abundance determinations. Results show an improvement over previous cement round-robin studies utilizing traditional internal-standard based, peak area measurement methods.
INTRODUCTION
Classification of cements in ASTM C 150 is made on the basis of bulk chemistry, fineness, and for some cements, limits on phase abundance [1] . Monitoring quality of clinker and cements is a critical portion of the production process, and the needs for rapid assessment lead to the application of X-ray fluorescence analysis. Estimates of phase abundance are derived from the bulk chemistry using formulas referred to as the Bogue calculation. Errors in these estimates derive, in part, from the variability of clinker phase chemistry relative to the assumed compositions, and by not accounting for minor constituents [2, 3] .
Ultimately, the crystalline phases and not the bulk chemistry influence cement performance properties. Phase composition and clinker texture are controlled by the source material composition and processing, the kiln operating conditions, and subsequent grinding with calcium sulfates to make the hydraulic cement. Direct measurement of phases by X-ray powder diffraction (XRD) has been sought as an alternative approach for quantitative phase analysis in a number of studies [4] [5] [6] [7] . Application of improved measurement techniques of cement phase composition and texture will provide a means to improve our knowledge of their influences on a cement's hydration characteristics, and the development of strength and durability of a structure, making concrete a more predictable construction material.
BACKGROUND
In 1980, ASTM Committee C01.23 subcommittee on Compositional Analysis established a task group to develop a XRD method for phase analysis of clinker and hydraulic cements. Initial work on measurement of the interstitial phases of clinker (periclase, aluminates and ferrite) [7] using selective extractions, resulted in adoption of a standard test method in 1998 [8] . This method adopted the qualification approach after ASTM C 114 (chemical analysis), where the analyst qualifies by demonstrating acceptable estimates of a set of SRM cements based upon limits set in the standard. For the XRD method, the NIST SRM clinkers are used because they have certified phase composition and were initially produced to aid in the development and testing of methods for phase abundance analysis [9] .
Earlier round robin testing applied a standardization using pure clinker phases and either peak area or whole-pattern measurement techniques. This approach limited the number of willing participants due to the difficulty and time requirements in standardization and peak area measurements. The Rietveld method approach overcomes a number of these difficulties; 1) selection of reference standards, 2) development of standardization curves, and 3) measurement of intensity from patterns where substantial peak overlap poses difficulty for single peakmeasurement approaches. An earlier report on a clinker round-robin [6] demonstrated that a significant improvement in precision was seen and was attributed to the improved means for measuring pattern intensities.
A new round-robin study was initiated for hydraulic cements using four mixtures of SRM clinker-calcium sulfate blends. The materials were ground to <10 µm and interblended with known amounts of laboratory-prepared calcium sulfate phases: gypsum, bassanite, and anhydrite, and for one sample, calcite. The round robin procedure required each specimen to be scanned three times, with sample re-packing for each scan. Each of 11 participants was requested to report the scan conditions, mass fractions without microabsorption corrections, and to submit raw data. Participants needed to perform qualitative phase identifications, which are required for selecting appropriate structure models for their Rietveld input files.
Although the standard does not specify the details of the analysis, scans that range from 20° to 77° 2-Θ (Cu Kα) encompass the interval of strong diffraction peak intensities. Lower angles may be problematic as, depending upon slits and specimen size, the irradiated area is likely to fall beyond the powder onto the sample holder. A suggested configuration based upon our system was provided but not required of the participants: 20° -77°, 4 s count time, 1° divergent slit, 2.3° Soller slits on incident and diffracted beam sides, graphite monochromater, a 0.2 mm antiscatter and 0.6 mm detector slits.
STATISTICAL ANALYSIS
Standard test method measurements are subject to inherent random error, systematic error of the procedure (bias), and systematic error introduced by an individual laboratory's procedures [10] . Test results therefore need to be judged considering the inherent variability of the method. Identifying the sources of these errors in the development of a standard test may provide an opportunity to modify the procedures to reduce their influences. The availability of a reference material provides a means to assess the contributions of both random and systematic error through round-robin testing. ASTM provides guidance in conducting a round-robin with standard practices on conducting inter-laboratory studies [11] and preparation and use of precision and bias statements [12, 13] .
The precision of a measurement is an assessment of the variability one may expect when the test method is used by one or more reasonably competent laboratories; the ASTM definition being "the closeness of agreement among test results obtained under prescribed conditions" [13] . In addition, two concepts are used in expressing precision: repeatability and reproducibility. Four factors contributing to the test variability according to [11] are: 1) the operator, 2) the equipment, 3) equipment calibration, and 4) the testing environment. Within-laboratory variability (repeatability s r ) excludes these four factors while between-laboratory variability (reproducibility s R ) includes these four factors. Both measures represent standard deviations of replicate analyses. Bias is the difference between the test result and the true value and will only be briefly discussed here as calculations have not yet been completed.
From the s r and s R , limits on the difference between two test results may be calculated, which are designated 95 % repeatability (r) and reproducibility (R). This is accomplished by multiplying the appropriate standard deviation by the factor 2 * 96 . 1 . Methods for estimating r and R and the standard deviations upon which they are based are given in ASTM E 177 [13] . The provisional estimates given here were pooled for each phase from results of the four cements using the standard formula for pooling variances and standard deviations [14] .
RESULTS
The plot in Figure 1 shows replicate values from each participant for the first cement. The true values are indicated by the arrows and the SRM uncertainty intervals are indicated by the line segments at each arrow's base. It should be noted that this example is only one of four materials in the study so conclusions from any single case may not be reasonable. Precision calculations are pooled for each phase across the four cements and bias estimates, when completed, will be done similarly. For the silicates and calcium sulfates, most participants' data fell within the 2σ ranges for the SRMs and the true values for calcium sulfates, suggestive of no significant bias among test results for these constituents. The plot in Figure 1 appears to indicate participants with relatively low alite estimates have correspondingly high belite estimates. This apparent correlation is not clearly evident in examining a correlation matrix on testing in our laboratory. Another possible bias may be seen in the under-estimation of ferrite and over estimation of periclase, and may be attributable to microabsorption. Additional work is necessary to assess these errors and develop a consistent correction scheme for the test method.
Based upon these data and calculations, a provisional precision statement may be developed using the pooled values in Table 1 . Precision levels are all expressed as percentage points by mass relative to the total cement. Comparison with results from earlier round robins [4, 5] shows an improvement in both within-and between-laboratory repeatability and reproducibility ( Figure  2 ). This improvement most likely stems from the whole-pattern approach, from being both a consistent means of measurement and providing better counting statistics over single peak area measurement. Table 1 . Repeatability (provisional values) expressed as within-laboratory standard deviation (s r ) and repeatability limit for two tests of the same cement by the same lab (r), and reproducibility expressed as the multi-laboratory standard deviation (s R ), and reproducibility limit for two tests on the same cement by two different laboratories (R). Figure 2 . Multi-laboratory standard deviations (s R ) for alite, belite, aluminate, and ferrite from the 2003 round robin [6] , from Moore [4] , and from Aldridge [5] shows improvement with the application of Rietveld pattern fitting approach used in the two ASTM round robins.
